We report the first clear experimental demonstration of large amplification of smallscale spatial perturbations by stimulated thermal Rayleigh scattering (STRS) of a CW laser beam propagating through an absorbing medium in a context normally associated with thermal blooming. A single-mode argon-ion laser beam with = 488 nm was propagated vertically downward through a 1 .2 m cell filled with CC14 that was doped with an absorber to have optical depths in the range 0.5-2.3 . A shear-plate interlerometer near the cell input generated the perturbation. Fringe growth was rapid and visually obvious, as was competing growth from dust specks, etc. The measured growth rate is in good agreement with the asymptotic rate from analytic STRS theory.
. INTRODUCTION
At transverse spatial scales that are much smaller than the beam diameter uncompensated thermal blooming of a collimated high-power laser beam is more aptly described as stimulated thermal Rayleigh scattering (STRS) than as thermal blooming. While both descriptions are physically correct when properly employed, the STRS description focuses attention on the growth of small-scale irregularities while the thermal blooming description tends to ignore them. Whole-beam blooming studies prior to 1 986 and scaling laws developed from them lead one to believe that irregularities erase themselves because for the beam as a whole the thermal lens written into the propagation medium defocuses the beam where it is brightest. When the intuition based on such results is tested using three-space-dimension plus time wave-optics thermal blooming codes. with initial conditions that include small-scale phase or intensity perturbations or include realistic refractive index turbulence, it is found to be incorrect if the thermal blooming optical path change is large and accumulates at a rapid rate. Rather than erasing themselves, the small scale irregularities grow rapidly by a successive overshoot process. The process is often called the open-loop (uncompensated) thermal-blooming instability, but is physically identical to STRS in the near-forward direction.
Using an STRS description of uncompensated small-scale thermal blooming is a major advance. It allows separation of the small-scale behavior from the very different whole-beam behavior. It also leads to a linear set of differential equations and to analytic solutions in simple, but interesting, cases.
STRS was actively studied116 between 1968 and 1975 , and a number of review and tutorial articles are available.1012151718 Most of the experiments of the 1 968-75 period used Q-switched ruby laser pulses of about 20 ns duration and a 1 800 back-scatter geometry. However, the experiments of Rother, et al. 8 examined forward scattering at angles down to 7°. Mack6 and 1 studied scattering at angles down to 5 mrad with mode-locked ruby6 or Nd-glass 1 Scarlet used about a 30 pulse train of 5-8 p5 pulses spaced about 4 ns apart and superimposed two equal intensity beams with a 5 mrad angle between them in a liquid sample cell. However, none of these expenments clearly demonstrated large amplification of a weak probe beam in a context normally associated with isobanc thermal blooming, i.e., at near-forward propagation angles small enough that the pump and probe beams physically remain superimposed over the entire propagation path and on time scales much longer than the sound transit time across the interference fringe period. Furthermore, large amplification is counter-intuitive for anyone familiar with the self-defocusing associated with whole-beam thermal blooming. The experiments we present here26 directly observe large amplification of fringe contrast under isobaric thermal blooming conditions.
Although the STRS research of 1 967-75 emphasized 1 800 back-scattering of 20 ns pulses, for the Rayleigh component the scattering mechanism is the same for quasi-CW beams at the 1 mrad (or less) near-forward scattering angles of our laboratory experiment as long as the fringe spacing of the interference between the scattered and high-power beams remains small compared to the high-power beam diameter. In both cases the interference pattern creates an isobaric density inhomogeneity via absorption followed by thermal expansion, and the high-power beam scatters off the refractive index inhomogeneity associated with the density. In both cases transient STRS was observed since the diffusion time for back scattering in CCI4 is 1 8 ns and for our near-forward scattering experiments it was 40-500 ms. One significant difference between our experiment and the near-forward STRS experiments of Rother, et al.8 is that in addition to amplification of the injected perturbation our experiment generated and amplified the mirror-image order (with respect to the high-power beam) with equal efficiency by direct scattering of the high-power beam. The reason is the difference in the phase-mismatch in the two experiments; in ours it is (1 m1) while in Rother's it is 3(1 O m1) at 7°. In the linearized blooming theory1922 the small phase-mismatch is neglected and the two mirror image orders are combined into independent intensity and phase perturbation variables.
LINEARIZED THEORY WITH DIFFUSION
In the open-loop case linearized thermal-blooming instability theory closely parallels STRS theory as given in Rother9 or Batra, Enns, and Pohl,10 as it must since the physical scattering process is the same. However, there are some differences in notation and in the approximations employed. The earlier STRS studies retain the Brillouin scattering line throughout most of their analyses and identify the Rayleigh and Brillouin scattering as separate terms in the final result; the recent linearized thermal-blooming instability theory studies1922 neglect the Brillouin scattering from the beginning by using isobaric hydrodynamics. Because he is interested in substantial off-axis scattering angles, Rother9 retains the exact spatial orientation of interference fringes between the pump and scattered waves; linearized thermal-blooming instability theory is only concerned with near-forward scattering angles of a few mrad or less so it treats the fringes as planes parallel to the propagation direction and uses two dimensional hydrodynamics with the propagation direction coordinate (z) as a parameter. Finally, because of the very small scattering angles, for each wavevector linearized thermal-blooming instability theory treats two mirror-image scattering directions on either side of the pump beam propagation direction simultaneously as tightly coupled waves, whereas Rother for the most part treats only a single scattered wave and only briefly discusses the other scattered waves using an uncoupled-wave treatment.
The simultaneous treatment of two mirror-image diffraction orders is hidden in Karr's20 notation in his paper on the closed-loop instability. To explicitly identify the two orders and their relation to Karr's notation, we start with Fresnel wave. equations for the scattered waves neglecting pump depletion: 2ik1-1(2Em +° Pm 0 , (m = (1) az c2dp where Em, m = are the ratios of the slowly varying envelopes of the two scattered waves to that of the pump wave, E, and k = no/c for index of refraction n. (For simplicity we have neglected transmission losses.) The plane wave fields corresponding to the envelopes in Eq. (1 ) 
at de dp (Note that P-i = P because p is real, so only the m = 1 case of Eq. (2) is retained). Karr's Eq. (1 Oa) is Eq. (2) with the following variable changes:
and the variable which Karr eliminates to obtain his Eq. (lOb) is
Karr's formalism replaces the two complex fields of the scattered plane waves with a net intensity perturbation, F, and a net phase perturbation, b, on the high-power field, E0, and solves for a single transverse Fourier component of these fields instead of the coupled pair, ic and -ic, required in the complex-field STRS formalism.
Karr20 gives the Green's function solution of the STRS equations as a function of z, the propagation distance, and v, the Laplace transform of the time variable t, for the case of a uniform medium with negligible extinction of the unperturbed beam. Karr also gives an explicit series expansion in z and t of the propagation kernel for blooming of frozen-flow turbulence for the extreme transient case where thermal diffusion damping can be neglected; this kernel is the time integral of the Green's function, again without diffusion. By using these facts and Karr's prescription for incorporating thermal diffusion, we derive an explicit series solution for STRS in a uniform medium with thermal diffusion. From Karr's Eqs. (1 9) and (24) we obtain the following expression for the evolution of the irradiance part of the scattered field due to an impulse perturbation [3(t)].for which F(O) is the intensity impulse and cb(O) is the phase impulse:
(4b az and
Eq. (4c) is Karr's Eq. (24), a = ic2/2k, ic = 2ic/A for perturbation period A, and kFz is the rate of change of the optical path length due to thermal blooming or the blooming rate in radians/sec. For a heavyside (step) function perturbation switched on at t=O the irradiance at (z, t) is: FH(z,t) = jdt'F&(zt') = exp (-2x2t) (z,t) 4 2J•dt (2t)(zt) (5) The first term on the right-hand side of Eq. (5) .plate interlerometer generates a perturbation by a double reflection, one off each of its nearly parallel plates. For a plane-wave unperturbed beam the perturbation is also a plane wave propagating at a small angle, ic/k, to the unperturbed beam. Being a plane wave, the perturbation has real and imaginary parts with equal amplitude and 9O out of phase. The mathematical embodiment of this is
so for a sheared-beam perturbation the irradiance fringe amplitude is
The shear-plate interferometer generates a field perturbation that is accurately sinusoidal, a distinct advantage for comparison with the theory embodied in Eq. (8) . In addition, when øic2t << 1 , where the 0 = 0 result accurately approximates Eq. (8), the reader can verify from Eqs. (4b), (5) and (7) that F(Z,t)oc (z,t) +iKK(z,t) az (9) Thus, the square of the modulus of the irradiance, IFs p is directly proportional to the same combination of Green's functions as is the electric field spectrum at wavevector icdue to turbulence concentrated near the beginning of the propagation path, z = 0. 41) is obtained as the az -oo limit (appropriate for the scattering angles Rother is considering) of the resulting expression by replacing all the spherical Bessel functions with their asymptotic form for large arguments.
EXPERIMENTAL LAYOUT
The experimental layout is shown in Fig. 1 . An argon ion laser was spatially filtered and expanded to make a near-Gaussian collimated beam of the desired size. A shear-plate interlerometer, similar to that used by Bliss, et al.,25 in their small-scale self-focusing experiment, generated a weak reflected beam that served as the perturbation source. The angle between the transmitted and reflected beam determines the interference fringe spacing, which was varied from run to run. The reflectivity determines the perturbation amplitude which was typically a few percent. The combined beams were propagated down through a 1 .2 m vertical thermal blooming cell filled with CCI4 doped with an absorbing contaminant. The shear-plate interlerometer was as close as possible (a few cm) to the input window of the cell, and the beam was propagated from the top to the bottom of the cell to keep the liquid stable against thermal buoyancy. The total extinction of the cell was 50-90% and was monitored daily by drawing a small sample of of CCI4 from the cell and measuring its absorption with a calorimeter. The output window of the cell was imaged onto a COD camera. The camera recorded the intensity time-averaged over 33 ms, the television frame scan time; it had an interlaced scan, and the even and odd lines were alternately transferred to a digital frame bufter every 1 6.7 ms.
A He-Ne diagnostic laser propagated back through the cell and was observed by an interlerometer. This provided continuous monitoring of the optical quality of the CCI4 column. An experiment run began when the He-Ne fringes indicated the cell was free of optical distortion due to turbulence or residual heat from an earlier run. (Typically it took 2-5 mm for the distortion caused by a previous run to become undetectable.) Then the shutter was opened, and the argon-ion beam propagated through the blooming cell for about half a second. During this time rapid, visually-obvious perturbation growth on a background of somewhat slower whole beam thermal blooming was observed. Growth from dust specks, Fresnel rings from edge clipping, etc. was also obvious. Such competing uncontrolled perturbations had to be carefully minimized to obtain quantitative results from these experiments. Table 1 describes the experimental conditions for two runs. Due to the high thermal blooming rate, rapid amplification of the perturbation fringes was predicted and observed. Very rapid thermal blooming rates were used so that several waves of thermal blooming optical path difference would accumulate in a diffusion time, as would be the case for a highpower laser beam in the atmosphere. The whole-beam Fresnel number was large enough that in the absence of thermal blooming the laser beam would remain collimated throughout the blooming cell. About 90% of the light was absorbed in the perturbation Fresnel number N = 0.45 case, 60% in the N = 1 case.
RESULTS AND COMPARISON WITH THEORY
As part of our comparison with theory we simulated these experiments using the ORACLE wave-optics propagation code developed at LLNL. ORACLE solves the following coupled nonlinear time-dependent set of equations in three space dimensions: the Fresnel wave equation for the optical beam and isobaric hydrodynamics including diffusion for the fluid density. In the simulations presented here the unperturbed laser irradiance profile at the entrance to the blooming cell was assumed to be a perfect Gaussian beam. Figure 2 shows a comparison of the observed irradiance at the cell exit with an ORACLE calculation for the 2.3 optical depth, N = 0.45 experiment. The left column is the CCD camera output, the right column is the ORACLE result, both of which are displayed on the video monitor of the experimental laboratory. (The apparent ellipticity of the ORACLE and experimental results is an artifice of this video display. The CCD camera detector elements are rectangular, and the video display partially corrects for this, while the "pixels" in the ORACLE calculation are square.) In the first frame after the shutter opens the experimental fringes are hardly detectable, while in the ORACLE calculation they are visible due to the perfect, no noise beam profile in the ORACLE calculation. After 33 ms fringes are clearly visible in the experimental irradiance profile and the fringe contrast increase is obvious in both the experimental measurement and the ORACLE calculation. At 67 ms the modulation depth has reached a significant fraction of the unperturbed peak irradiance. Between 67 and 1 00 ms the fringe contrast doesn't change much, but a bright ring begins to form at the edge of the beam and the beam is noticeably expanding; the latter are whole beam blooming effects. Figure 2 qualitatively demonstrates that the calculated and experimental irradiance profiles agree even though the experimental data are 33 ms time averages while the ORACLE results are instantaneous irradiance profiles.
To obtain a more quantitative comparison for each measurement time we Fourier analyzed both the experimental and calculated irradiance profiles at the end of the cell. In both cases we selected the central 1 28 by 1 28 pixels by masking. Then for each horizontal line (across the fringes) we computed the modulus of its complex finite Fourier transform (FFT), and averaged over all the lines. Finally we extracted the modulus and spatial frequency of the highest perturbation peak and plotted them as functions of time. The modulus results are shown in Figs. 3 and 4 . In both, the curve with the solid boxes is the experimental measurement, the curve with X's is the ORACLE calculation.
For the case in Fig. 3 , which had 7 fringes across the full width at half maximum (FWHM) ofthe unperturbed beam, the agreement is excellent. The dashed curve in Figs. 3 is a four-bin weighted average of the results of linearized perturbation theory (STRS theory). The positive coordinate half of a one-dimensional Gaussian was divided into 5 equal-area (power) bins and thö median intensity of each of the 4 center-most bins was used in four perturbation calculations using Eq. (8) truncated at 50 terms; the modulus of the complex results were added, time averaged with a 33 ms rectangular averaging window, and scaled to match the expenmental results at the earliest sample times. Again, the agreement is remarkable; even some of the fine structure matches, although this is probably beyond the accuracy of our analysis of the experimental data.
For the case in Fig. 4 , which had 4.4 fringes across a FWHM, the experimental data and the ORACLE calculation agree at times up to about 200 ms. However, thereafter the experimental data has a significant decrease, while the ORACLE calculation shows an increase in fringe contrast. The dashed curve in Fig. 4 is a linearized perturbation analysis as described above for Fig. 3 . It agrees adequately with the experimental results up to the center of the first main peak; thereafter, it behaves more like the ORACLE calculation than the experimental data.
Because of the smaller number of fringes across the beam FWHM, the exact intensity profile is expected to be more important for the case of Fig. 4 than for the case of Fig. 3 . Also, beginning at about the time of the first peak, pronounced growth of diffraction rings due to two dust particles becomes clearly visible in the experimental intensity profiles; growth of these rings clearly competes with that of our initial perturbation, but the dust specks were not included in the ORACLE simulation. Additional ORACLE simulations and parameter studies with Eq. (8) indicate that after the first peak the results are sensitive to details of the irradiance profile and that a flatter irradiance profile with lower peak irradiance can produce a dip at about the time observed in our experiment.
We fit the experimental perturbation amplitude data points to the functional form Ct114 exp(At112 -Bt) and compared the coefficient A to the predicted asymptotic growth rate, 'V2kFz (The functional form is the envelope of the-asymptotic result for diffusion-free STRS theory plus a phenomenological exp(-Bt) correction for diffusion.) To avoid significant bias due to whole-beam blooming effects we restricted our fit to the first 1 5 data samples (0.25 sec). We used half the peak irradiance of a Gaussian beam of the experimentally measured power and FWHM in the computation of F. The results tabulated in Table 2 show excellent agreement.
SUMMARY
Stimulated thermal Rayleigh scattering does indeed cause growth of high spatial frequency perturbations on a laser beam propagating in an absorbing fluid. The amplification can be large and is easily observed.
The observed growth rate agrees with analytic theory, at least at times before the defocusing due to whole beam-blooming is significant. The prediction of rapid growth after a few waves of blooming is convincingly demonstrated to the naked eye and is quantitatively Comparison of the experimentally measured and digitally computed irradiance profiles at the thermal-blooming cell exit window. The apparent ellipticity of the ORACLE irradiance profiles is an artifice of displaying square computational "pixels" on a video display designed for rectangular CCD camera pixels. The noise on the experimental irradiance profiles is primarily due to dirt which settled on the output window of the thermal blooming cell. 
